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In situ Microwave Characterization of Nonplanar
Dielectric Objects
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Abstract—In this paper, a novel experimental solution is pre-
sented for the nondestructive, noncontact, andin situ characteriza-
tion of dielectric objects of curved shape using a spot-focused free-
space measurement system. Measurements were made on Plexiglas
and glass samples of cylindrical shape with different radii of curva-
ture, and the complex permittivities were computed from the mea-
sured 21 and 12. Comparing the results with planar samples
show that the curvature does not significantly affect the accuracy
of the measured permittivity of cylindrical surfaces if the radii of
curvature are large compared to the size of the focusing spot. Re-
sults for a number of curved samples agree with the published data
and this demonstrates the usefulness of a spot-focused free-space
system forin situ characterization and evaluation of materials and
complex structures during processing and fabrication. The other
benefit of this approach is the noncontact nature of the method,
which permits measurement of solids and liquids in high-/low-tem-
perature environments. The spot-focused beam permits character-
ization of small or large samples.

Index Terms—Dielectric measurement, free-space method, mi-
crowave nondestructive testing, permittivity measurement.

I. INTRODUCTION

RECENT material technologies offering lighter, stronger,
and more durable composites require new inspection

methods for quality control during the manufacturing process
and for health monitoring during service. Different methods
for microwave nondestructive testing (NDT) and evaluation of
dielectric samples have been employed for many years [1]–[3].
Microwaves can penetrate deeper into dielectric materials in
contrast to ultrasound. The different propagation properties
of microwaves at different media can be applied for thickness
measurements [4], evaluation of sandwich composites [5],
flaw/defect detection [6], [7] strength estimation of cements
[8], and monitoring the curing conditions [9]. However, these
methods are qualitative and require large samples or contact
measurements. A review of common methods for nonde-
structive permittivity and permeability evaluation is presented
in [10] and [11]. The introduction of spot-focused antennas
introduced by Varadanet al. [12]–[16] permit focused plane
wave illumination of samples in a noncontact manner. Using
thru-reflect line (TRL) calibration, this technique has been used
to accurately measure the complex permittivity, complex per-
meability, and chiral properties of novel microwave composite
materials as a function of frequency and temperature using
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both normal and obliquely incident waves. Later, Al-Qudiet
al. [17] presented a useful application of this technique for the
noncontact nondestructive measurement of moisture content of
asphaltic cements.

Most of the classical methods of permittivity measurements
require special preparation of a sample in order to fit into the
waveguide sample holder or cavity resonator. Open-ended
coaxial probes offer some promise in nondestructive appli-
cations. In such measurements, the coaxial probe should be
pressed against the dielectric sample and the measured reflec-
tion coefficient is used to compute its permttivity. However, the
contact between the sample and probe is most important and
a small discontinuity in the normal electric field can cause a
large error in the measured permittivity. Bringhurstet al. [18]
established that, for a 1.0-mm air gap in between the inner
conductor and sample, there is a chance of up to 80% error in
and for alumina sample. The coaxial measurement technique
is suitable only for the planar samples or for samples in liquid
form. An alternate method for permittivity measurements using
radiating horns in free space requires samples in sheet form that
have transverse dimensions much larger than the wavelength
(Naval Research Laboratory arch method). There is a pressing
need for techniques that permitsin situ microwave material
characterization of nonplanar or cylindrical materials. Such
references are lacking in the literature.

Chan and Chambers [19] describe an open resonator tech-
nique for evaluation of complex permittivity of curved sam-
ples at 11.6 GHz. The Gaussian beam between two mirrors in
a cavity resonator forms standing-wave pattern and the curva-
ture of the wavefront varies along the axis of the resonator.
In this configuration, convex–concave samples are measured at
off-center positions inside the resonator where wavefronts are
curved and similar in form of the sample surfaces. When sample
surfaces are approximately coincident with the wavefronts, ex-
perimental errors are mainly due to uncertanities in the measure-
ment of sample geomerty, sample position, resonant frequency,
and factor. In this technique, the sample is not required to be
positioned at a particular point within the resonator, but a full
description of sample geometry is needed. Being a resonance
method, it is confined to a single frequency.

The need to measure samples with very small transverse di-
mension is addressed by the focused beam antennas [12]–[16].
Previously, this approach has been used for the accurate mea-
surement of electromagnetic (EM) properties of planar samples
of composite materials, anisotropic composites, and chiral com-
posites. The advantage of this method is that the same phys-
ical sample can be measured over a wide frequency span, unlike
waveguide or coaxial methods that require a sample to be fitted
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into a fixture for each band. Being a noncontact method, it is
well suited for quick and routine evaluation of broad-band ma-
terial characteristics as a function of temperature [14]. In this
paper, we demonstrate the efficiency of the free-space system
for in situ material property characterization of nonplanar di-
electric samples. The dielectric constant and loss tangent of the
nonplanar specimens were computed from the measured com-
plex transmission or reflection coefficients. This may find wide
application forin situmicrowave characterization of liquids and
solids during processing and for inspecting fabricated parts such
as radomes, microwave lenses, and EM coatings.

II. THEORY

This method for determining complex permittivity in free
space is based on the accurate measurement of the transmission
coefficient through the sample and/or the reflection coeffi-
cient from the front face of the curved sample. The simplest
model considers a plane EM wave incident normally on a planar
slab of infinite homogeneous dielectric medium. The measured
reflection coefficients and transmission coefficients are
related to the parametersand by [12]

(1)

(2)

The reflection and transmission coefficientsand are given
as

(3)

(4)

and are the normalized char-
acteristic impedance and propagation constant of the sample,

is the wavelength in free space, andis the
thickness of the sample. The dielectric properties can be calcu-
lated from

(5)

The measurement system is calibrated at a reference plane
at the focus of the antennas and the samples are placed at that
point, as shown in Fig. 1. The inversion of the measured data
is prone to errors if there are uncertainties in the orientation of
the sample with respect to the calibration plane. It is evident
that the measurements are more prone to error due to the
dependance of the reflected signal on the phase of the incident
signal at the sample front face. However, depends on the
path length, which is independent of the sample position relative
to the reference plane. Using the time-domain gating facility of
the Network Analyzer eliminates the multiple reflected signals
between the sample and antenna. The relative permittivity

can be computed from the measured values of.
It is assumed that the sample is nonmagnetic, i.e.,

Fig. 1. Free-space spot-focused measurement configuration.

Fig. 2. Schematic diagram of the free-space dielectric-constant measurement
setup for the nonplanar samples.

. From (2) and the definitions that follow, it is possible to
obtain in terms of . However, the exact solution for is
not straightforward due to the multiple roots for (3). Hence, an
iterative technique using an initial guess for theis used. The
initial guess is obtained from the estimated value of the phase
velocity in the sample computed from the difference in phase at
the measurement plane without and with a sample [14].

III. EXPERIMENTAL TECHNIQUES

A schematic diagram of the experimental setup is shown in
Fig. 2. The instrumentation system consists of a vector network
analyzer connected to lens-focused horn antennas via coaxial
cables and coax to waveguide transitions. The data from the
network analyzer is downloaded to a computer for processing
and inversion. The spot-focusing horn lens antenna consists of
two equal plano convex dielectric lenses mounted back to back
at the aperture of a horn antenna. The antennas are mounted
facing each other and a sample holder is placed at a common
focal plane of the two antennas. Due to the spot focusing of
the lens antennas, the diffraction effects due to the edges of the
sample are negligible if the sample dimension is greater than
three times the -plane 3-dB beamwidth [13]. The measure-
ment system is calibrated using free-space TRL calibration and
error-correction technique [12], [13]. The TRL technique re-
quires three standards, namely, a through connection, short con-
nected to each port, and line connected between the test ports
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(a)

(b)

Fig. 3. (a) Measured amplitude map at the focus of the spot-focused horn
antenna at 9.1 GHz. (b) Measured phase map at the focus of the spot-focused
horn antenna at 9.1 GHz.

with a known delay. Compared to other coax or waveguide cal-
ibration standards, the TRL standards are easy to implement. In
free-space TRL calibration, thethru connection is realized by
keeping the distance between two antennas equal to twice the
focal distance. Thereflect standards for ports 1 and 2 are ob-
tained by mounting a highly polished plane metal plate at the
reference plane. Theline standard is achieved by introducing
a separation between the focal planes of two antennas, which
is usually quarter-wavelength at midband. After calibration, the
thru connection and measured was with amplitude
within 0.25 dB and phase 1.0 and magnitude of and

was less than 50 dB. In a manufacturing environment, the
implementation of free-space TRL calibration is quite easy be-
causethru and line standards require only change in antenna
positions.

The phase distribution of the focused beam at the focus is
very important for the permittivity measurement of the non-
planar samples. The phase distribution gives information about
the character of the wavefront at the focus. To check the spot-fo-
cusing nature of the antenna, the amplitude and phase of the
field at the focus of the antenna were mapped and are presented
in Fig. 3(a) and (b). It can be seen from the field distribution that
the beam has a character of plane wave at the focus and the mea-

Fig. 4. Comparison of magnitude of measuredS andS for plane and
curved (radius of curvature= 20 cm) Plexiglas sample of thickness 0.53 cm.

Fig. 5. Comparison of measured phase ofS andS for plane and curved
(radius of curvature= 20 cm) Plexiglas sample of thickness 0.53 cm.

sured 3-dB spot size of the focused beam is 4.37 cm3.2 cm.
The focal length is 30.5 cm, measured from the aperture of the
antenna and it has a focal depth of 8.4 wavelengths at 10 GHz.
The plane-wave character is evident at the center of the map and
the variation of the phase at the center at3-dB region is 3.50.

IV. RESULTS AND DISCUSSIONS

-parameter measurements were made on planar as well as
curved samples of the same wall thickness. Using the two spot-
focused horn antennas, forward and reverse trans-
mission coefficients, as well as reflection from the convex
surface and reflection from the concave surface were mea-
sured. These results were used for the computation of the dielec-
tric constant of the curved samples. The samples were made by
cutting 15 cm 15 cm pieces from circular cylinders of radii
50, 40, 30, 20 and 10 cm, respectively. Curved samples of Plex-
iglas and glass with different radii of curvatures were measured
and the results are compared with respective planar samples of
the same thickness.

In Figs. 4–7, the magnitude and phase of the measured
and reflection coefficients and and transmission co-
efficients for a Plexiglas sample of radius of curvature of 20 cm
and thickness 0.53 cm are compared with planar sample of the
same thickness. It is clear from the figure that the reflections
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Fig. 6. Comparison of magnitude of measuredS andS for plane and
curved (radius of curvature= 20 cm) Plexiglas samples of thickness 0. 53 cm.

Fig. 7. Comparison of measured phase ofS andS for plane and curved
(radius of curvature= 20 cm) Plexiglas sample of thickness 0.53 cm.

from convex and concave surfaces are different due to curva-
ture. The focused antenna is able to pick up more of the reflected
field from the concave than from the convex surface, which may
reflect signals outside the receiving aperture of the lens. For the
plane sample, both faces are identical and it can be seen that the
magnitude of the reflection coefficient from the concave
face agrees very well with the plane sample, whereas the
from the convex side is about 2 dB less over the entire frequency
range, indicating that the antenna lens is not picking up all of
the reflected field. Even for the concave face, as the frequency
increases, there is a small deviation from the planar sample re-
sult. The phase of the reflected field is more sensitive to the cur-
vature, as can be seen from Fig. 5, where there are significant
differences between curved and planar samples as well as the
convex and concave faces of the sample. From Figs. 5 and 6, it
may be concluded that inversion of material properties from re-
flection data for curved samples treating them as locally planar
in the illuminated spot will lead to large errors. Corrections will
have to be effected for the effect of curvature. This is deferred
to a later paper.

Fig. 6 presents a comparison of the magnitude ofand
for curved and planar samples. In Fig. 7, a comparison of phase
data is presented. From Figs. 6 and 7, we observe that the fo-
cused antennas receive all of the transmitted power from both
convex and concave faces of the sample and, further, there is
very agreement between the planar and curved sample results.
Thus, inversion of the transmission data for the complex per-
mittivity of the sample is very promising. It is also noted from

(a)

(b)

Fig. 8. (a) Real part of the complex permittivity as a function of frequency
inverted usingS andS for Plexiglas of radii of curvature 20 cm, 30 cm,
and the planar sample. (b) Imaginary part of the measured complex permittivity
as a function of frequency for Plexiglas of radii of curvature 20 cm, 30 cm, and
the plane sample.

Fig. 7 that the phase of the field transmitted through the curve
sample is very linear with frequency, indicating that the thick-
ness of the sample can be determined using this approach if the
dielectric property is known.

The complex permittivities were calculated by inverting
the measured and and are presented in Fig. 8(a)
and (b) for samples of radii of curvature 20 and 30 cm,
and are compared with corresponding planar samples of the
same thickness. The deviation of the measured value of rel-
ative permittivity from the actual value due to the curvature
varying from 50 to 20 cm, in the present study, is 1.8%
for the Plexiglas sample. It may be noted that the samples
were cut from cylinders having different radii of curvature
and the material properties of the cylinders may vary from
cylinder to cylinder due to manufacturing problems. It is ev-
ident from Fig. 8 that the curvature effect is negligible for
computation of permittivity using transmission measurements
treating the sample as locally planar. This assumption appears
to hold well even for the lowest radius of curvature of 20
cm, which is, however, larger than wavelengths in-band.
Table I presents the summary of the measured complex per-
mittivity of five samples of Plexiglas of different radii of
curvature for different frequencies. The reported results of
the plexiglas samples using the open resonator method [19]
are shown in Table II for comparison purposes.
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TABLE I
MEASUREDPERMITTIVITIES FOR DIFFERENTRADII OF CURVATURE OF PLEXIGLAS SAMPLES USINGSPOT-FOCUSEDFREE-SPACE SYSTEM

TABLE II
MEASUREDPERMITTIVITIES OF PLEXIGLAS FOR PLANE AND CURVED SAMPLES USINGOPEN RESONATORMETHOD BY CHAN AND CHAMBERS [19]

(a)

(b)

Fig. 9. (a) Comparison of magnitude ofS measured as a function of
frequency for five glass samples of radii of curvature 50 to 10 cm with a plane
sample of same thickness (0.46 cm). (b) Comparison of measured phase ofS

as a function of frequency for five glass samples of radii of curvature 50 to 10
cm with a plane sample of the same thickness (0.46 cm).

In Fig. 9(a) and (b), we present the measured mag-
nitude and phase of the curved glass sample of thickness
0.46 cm for different radii of curvature from 10 to 50 cm,
and compare them to a plane sample of same thickness.
The real and imaginary parts of the complex dielectric per-
mittivity are computed using measured , and are pre-
sented in Fig. 10(a) and (b). Again, there is excellent agree-
ment with results for the planar sample even for a radius
of curvature of 10 cm, which is approximately at mid-
band.

The accuracy of the measurements of nonplanar dielectric
materials using the free-space setup depends mainly on the
precise alignment of the geometric center of the cylindrical
sample with the axis of the antenna system. Measurements
were made to estimate how the errors in the measurement
of could affect the permittivity by off-centering the geo-
metric center of the cylinder to different positions away from
the initial position. This is, in effect, keeping the sample at
the same distance and moving its center laterally to dif-
ferent positions. Fig. 11(a) and (b) presents the percentage
error in the measured permittivities for different off-centered
positions of the sample. It is observed that by moving the
geometric center about 5.04 cm, the real part of the di-
electric constant has an inconsistency of about 2% to that
of its actual value. However the is found to be more
sensitive to the position of the sample. This leads to the con-
clusion that for accurate permittivity measurements of the
nonplanar samples using a spot-focused free-space system,
the unit normal of the center of the illuminated spot on
the sample should be aligned with the axis of the antenna
system.
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(a)

(b)

Fig. 10. (a) Real part of the measured complex permittivity versus frequency
for six curved glass samples of different radii of curvature: thickness 0.46 cm
and a plane sample. (b) Imaginary part of the measured complex permittivity
versus frequency for six curved glass samples of different radii of curvature:
thickness 0.46 cm.

V. CONCLUSIONS

Most of the existing techniques for the characterization of
materials are applicable only to planar samples or specimens
shaped to fit into the measurement devices. Measurements of the
electrical properties of planar samples are quite accurate using
the spot-focused free-space measurement system. In this paper,
we have demonstrated the efficiency of the spot-focused free-
space measurement system for the nondestructive andin situ
evaluation of dielectric properties of curved samples in a non-
contact mode. Measured results for curved Plexiglas and glass
and comparison to a corresponding planar sample demonstrate
that accurate results can be obtained provided the curved sur-
faces have radii of curvature larger than the focusing spot of the
antenna. The measured spot size of the antenna at3 dB power
level is 4.3 cm 3.2 cm in the -band. It is possible to eval-
uate the material properties from 5 to 40 GHz using the present
free-space measurement facility. For brevity, we have presented
only the results of -band measurements in this paper. The error
analysis has been done to prove that errors in the positioning of

(a)

(b)

Fig. 11. (a) Percentage change of the real part of the permittivity by
off-centering the sample from its geometric center: radius = 20 cm, thickness =
0.53 cm. (b) Percentage change oftan � by off-centering the sample from its
geometric center: radius = 20 cm, thickness = 0.53 cm.

the sample can contribute to errors in the inverted complex per-
mittivity. The resulting errors are larger for the loss tangent. It is
also shown that transmission measurements can be used to infer
the thickness of curved samples very accurately in a noncontact
manner. Further research is being pursued to explore applica-
tions of thickness measurements of solid and liquid films as a
function of frequency and temperature.

In this paper, we have presented a practical user-friendly
method for characterizing nonplanar dielectric materials with
radii of curvature greater than the spot size of the focused
beam. Further investigations can reveal the limitations of this
approach to objects of more complex shape and smaller radii
of curvature. It would be possible to measure the permittivities
of samples of any radii of curvature by applying a curvature
correction for the transmission coefficient, and this will be
presented in the future. This technique should find wide
applications in industry forin situmaterial characterization and
health monitoring of parts in service.
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